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Demineralized water system design: Considerations 
for the petrochemical industry-Part 1 


Site utility leads, engineers and other professionals in the hy¬ 
drocarbon/ chemical processing industries (HPI/CPI) are fac¬ 
ing a perfect storm of increasing demineralized water demand, 
end of life of existing demineralized water plant equipment, 
changing source water quality, corporate directives to diversify 
water sources, and pressure from regulators and community 
stakeholders to minimize the volume of waste generated from 
water treatment. The last decade has seen large-scale invest¬ 
ment in ethane crackers, and a second wave of crackers are be¬ 
ing designed and engineered that will begin service in the next 
few years. These investments have resulted in a keen focus on 
raw water treatment and demineralization for steam production, 
which, along with ethane, is a basic input to the cracking pro¬ 
cess. Many refineries, especially those along the U.S. Gulf Coast, 
have also seen increased demineralized water demands as they 
upgrade their operations to produce higher-value products. The 
main steam uses in refineries include steam cracking, stripping, 
steam distillation and vacuum distillation. Steam is also used for 
process heating, pumping and electric power generation. 

Over the last 10 yr to 15 yr, these developments have coin¬ 
cided with increased water stress from both droughts and floods 
in various watersheds tapped by HPI/CPI for their source 
water. Key design considerations and approaches utilized in 
demineralized water treatment system design for HPI/CPI 
are presented in this article. Alternatives for demineralization 
systems are compared and analyzed, and key decision-making 
criteria are discussed to introduce utility engineers and profes¬ 
sionals to the thought process behind demineralized system de¬ 
sign. The choice of demineralized water treatment technology 
boils down to several factors, including the type of raw water, 
temperature and associated chemistry, nature of demineralized 
water demand and quality of steam required (mainly the pres¬ 
sure). Constraints related to the footprint (especially in brown¬ 
field developments) and any wastewater volume limitations at 
the site should also be considered in the design process. 

Source water. The following are types of source water that can 
be used in processing plants. 

Surface water. Surface water sources for demineralized wa¬ 
ter treatment include rivers, lakes and oceans. Overall, 72% of 
all water used by refineries in the U.S. is drawn from rivers and 
lakes. 1 Surface water is most often pumped directly from a wa¬ 


ter body or drawn through a canal by a quasi-state body, which 
then supplies the water to several industrial customers. How¬ 
ever, the total volume allocated to users might be regulated by 
state or local authorities to ensure that supply is available for all 
users. Seawater is also used for once-through cooling in some 
coastal refineries. The use of seawater is limited to coastal re¬ 
fineries and chemical facilities due to high conveyance cost and 
associated corrosion-resistance material requirements. In addi¬ 
tion, high ionic strength, compositional variability in estuarine 
locations, high suspended solids and macrofouling organisms 
all contribute to high maintenance cost and operational com¬ 
plexity in seawater systems. 

Groundwater. It has been reported that 10% of the water 
used by refineries is drawn from groundwater. 2 Groundwater 
can be very hard, with high mineral content, making it more 
expensive than lake water to treat into demineralized water. 
Some brackish groundwater is also available as a water source, 
but its high cost of treatment limits its use by most refineries. 
Furthermore, there are concerns related to the settlement of 
ground due to long-term groundwater extraction. Ground- 
water also typically has higher concentrations of reduced 
ions—such as iron and manganese—which, when brought to 
the surface, will oxidize and require specialized pretreatment 
prior to handling in a demineralized system. Combined, these 
factors mean that groundwater rarely provides a significant 
portion of the demineralized water supply at most industrial 
facilities—although there are some exceptions in the absence 
of alternate water sources. 

Municipal wastewater reuse. Municipal wastewater gener¬ 
ally consists of grey water and black water. Grey water includes 
water from bathing, hand washing and clothes washing, while 
black water includes water from kitchens, sinks and toilets. 
The combination of grey water, black water and storm wa¬ 
ter is treated in a municipal treatment plant and the effluent 
could be used in a refinery for boiler feedwater with further 
polishing, particularly for trace organics. The cost of convey¬ 
ance from municipal wastewater treatment plants (WWTPs) 
into the refinery, along with extensive pretreatment to remove 
soluble organic carbon, should be taken into consideration and 
will result in increased treatment complexity and higher capital 
and operating costs than in instances when a typical city water 
supply is used. A more common strategy is to reuse treated mu- 
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nicipal wastewater for cooling, which, in turn, frees up surface 
water for use as feed for demineralized water treatment. 

Industrial wastewater reuse. Wastewater generated from 
oil refinery and petrochemical plants could potentially be re¬ 
used after further treatment, as cooling water offers the pros¬ 
pect of freeing up higher-quality raw water for demineralized 
water usage. Cooling system blowdown water is also a potential 
candidate for demineralized system source water, after further 
treatment. However, in contemplating cooling water for use as 
demineralized supply, the water chemistry and process design 
must be thoroughly reviewed, with special consideration given 
to the capability of the demineralized plant to handle condenser 
leak events in the cooling system. The benefits of reusing refin¬ 
ery wastewater include consistent water quantity and quality; re¬ 
duced demand on other water sources; and reduced discharge to 
water bodies. Total dissolved solids (TDS) concentration is the 
primary concern of industrial wastewater reuse. A TDS concen¬ 
tration of 1,000 mg/1 or less is generally considered acceptable 
for reuse as cooling water, fire water and wash water. Typically, 
reusing any type of wastewater, including from industry, requires 
evaluation on a site-specific basis regarding wastewater availabil¬ 
ity, reliability, quality, energy consumption and process design. 

Reusing all industrial wastewater with no liquid waste 
stream discharged into the environment is termed zero liquid 
discharge (ZLD). This water reuse concept has the potential to 
produce a portion of its recovered water as a high-quality dis¬ 
tillate, which is very suitable for supplementing demineralized 
water production. It should be noted that ZLD usually entails 
a high treatment energy requirement, high capital cost (due to 
the need for exotic metallurgy) and high operational complex¬ 
ity. A decision to pursue a ZLD outcome is typically driven 
by either severe water scarcity and/or regulations and is rarely 
considered as part of site demineralized water strategy. 

Water quality characterization. It is critical that appropri¬ 
ate water quality characterization studies are undertaken at the 
outset of any demineralized plant design project. For a relatively 
small sum of money (low thousands of dollars vs. hundreds of 
millions of dollars required for the demineralized plant con¬ 
struction and the billions of dollars for the overall facility), a 
good water quality data set can be collected to characterize and 
select source water and decide treatment process configuration. 
Often, data is not collected or inadequately detailed (e.g., some 
parameters are not collected, or no data is collected during times 
when the river is in flood or at minimum flow). To prepare a ro¬ 
bust system design, data covering all typical quality and flow sce¬ 
narios giving a complete picture of the anticipated water quality 
in the watershed is required. Understanding trends in suspended 


and colloidal solids, including colloidal silica, can be very valu¬ 
able in the design of the treatment system. Assessing the poten¬ 
tial for algal blooms and any anecdotal data related to past bloom 
events (e.g., duration and frequency) is also helpful in designing 
an effective pretreatment process. At a minimum, seasonal data 
over a period of 5 yr-10 yr is typically used as a starting point 
for a water chemistry basis of design. If available, longer periods 
of data—from site records or publicly available databases—can 
also be helpful to understand longer-term trends. 

Pre-treatment. Prior to demineralized water treatment, 
most raw water sources must first undergo pretreatment to 
remove suspended solids and reduce scale forming hardness 
and/or compounds that have a propensity to generate corro¬ 
sion. Depending on the source of raw water, water chemistry 
varies significantly. Relative ranges for key parameters are 
shown in TABLE 1. Main contaminants of concern for boiler 
feedwater include: 

• Suspended solids. Suspended solids will settle out 
on equipment surfaces and cause deposition. 

• Total hardness. In most waters, nearly all hardness 

is due to calcium and magnesium. Hardness can cause 
scale in heat exchangers, pipe and vessel surfaces, 
resulting in unnecessary downtime and reduced 
process performance (e.g., in heat exchangers). 

• Silica. Hard scales resulting from silica are called silica- 
based deposits. These result from either amorphous silica 
and/or magnesium silicate. Silica entering a boiler can also 
be carried with the saturated steam as silicic acid, which 
can cause precipitates on metal surfaces. Hence, silica 

is considered one of the most critical parameters in any 
demineralized water treatment system and it is essential 
to closely monitor and control silica in the demineralized 
water makeup supply and, in turn, the demineralized water. 

• Iron. Soluble and insoluble iron will combine with 
phosphates and hydroxides to form scale and cause 
corrosion and overheating problems. 

• Dissolved solids. High ranges of dissolved solids can 
cause process interference and foaming in the boiler. 

• Total organic carbon. Under high temperature and 
pressure, organic compounds can break down and 
form carbonic acid in the steam and condensate. 

This results in an increase in the conductivity of the 
steam and reduced pH in the condensate, increasing the 
propensity for corrosion around the steam system. 

• Sodium. Sodium can build up on critical components 
as steam condenses and causes embrittlement, leaks 
and cracks. 


TABLE 1 . Typical ranges of main contaminants from different source water 3 ’ 4 ’ 56 



Suspended solids, mg/I 

Total hardness as CaC0 3 , mg/I 

Silica, mg/I 

Iron, mg/I 

Dissolved solids, mg/I 

Surface water, river/lake 

60-2,000 

10-180 

5-30 

0.5-1 

100-2,000 

Surface water, seawater 

<500 

< 6,000 

>10 

1-3 

> 35,000 

Groundwater 

10-50 

<1,000 

1-30 

<20 

100-30,000 

Municipal WWTP effluent 

<30 

<200 

5-20 

<0.5 

600-1,000 


Industrial WWTP effluent Site-specific data 
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In demineralized treatment processes, it is critical that ad¬ 
equate pretreatment is used to remove colloidal materials and 
suspended solids. Otherwise, it can lead to the failure of the de¬ 
mineralized treatment system. The degree and complexity of the 
pretreatment equipment are determined by the raw water qual¬ 
ity. In a small flow facility, a low level of suspended solids (< 30 
mg/1) might be managed with just cartridge filtration. However, 
it is more common in the case of surface water for pretreatment to 
include disinfection, solids clarification and filtration. Two com¬ 
mon pretreatment systems for suspended solids removal are me¬ 
dia filtration and membrane filtration. The following will intro¬ 
duce these systems, along with their advantages and limitations. 

Media filtration captures pollutants through physical filtra¬ 
tion and adsorption. Typical media-based filtration systems are 
composed of sand, anthracite and other media. Media filtration 
can be utilized in either a fixed-bed or moving-bed configura¬ 
tion (FIG. l). After a period in service (typically once per day or 
when differential pressure setpoint is triggered), fixed beds of 
sand and anthracite and/or other media combinations (housed 
in either pressure vessels or in concrete basins) are taken offline 
for backwashing (cleaning) to remove accumulated solids. This 
requires additional infrastructure (backwash tanks, associated 
pumps, sludge treatment, solids handling, etc.) and footprint. 
In a moving-bed (or continuous backwash sand filtration) con¬ 
figuration, the media is continuously backwashed and a separate 
backwash tank is not required. The backwash wastewater from 
both continuous backwash filtration and fixed-bed filtration are 
handled in similar fashion before disposal. 

Sometimes, media filters are used to treat soluble compo¬ 
nents in the water, usually following the primary particle filtra¬ 
tion step. The most commonly used media to remove soluble 
components include activated carbon (for organics) and zeolite 
(for removing hardness). A comparison of three types of media 
commonly used in media filtration is shown in TABLE 2. 

Membrane-based filtration, using ultrafiltration (UF) mem¬ 
branes that have a pore size of around 0.05 pm, is another way 
to remove suspended solids. The thin, permeable, hollow-fiber 
membrane layer physically excludes particles in the water, al¬ 
lowing only soluble components (and the water itself) to pass 
through into the ultrafiltrate. Two main formats of membrane 
filtration systems exist: pressure and vacuum-driven. Pressure- 
driven membrane systems use membrane elements installed in 
pressure vessels, and the membrane separation process is driv¬ 
en at 20 kPa-250 kPa (3 psi-36 psi). Vacuum-driven systems 


immerse the membrane modules in a tank, and the filtrate is 
drawn through the membranes via suction. A comparison of 
media filtration and UF is provided in TABLE 3. 

The selection and performance of pretreatment technolo¬ 
gies largely depends on feedwater quality. UF usually shows 
better removal efficiency for total organic carbon (TOC) and 
turbidity as compared with media filters for river water. 7 UF is 


Fixed-bed filtration Backwash wastewater for further 
treatment and disposal 



Air compressor 


Continuous backwash filtration Backwash wastewater for 



FIG. 1. Comparison between fixed-bed filtration and continuous 
backwash filtration. 


TABLE 2. Common media used for filtration 

Filtration media 

Advantages 

Limitations 

Sand and other 
mixed-media formats 

• Removal of suspended solids to less than 5 mg/I 

• Simple cleaning and inexpensive backwashing systems 

• Water temperature should be less than 65°C (120°F) 
to avoid pickup of silica 

• Does not remove dissolved solids 

Activated carbon 

• Removal of organics and chlorine residual to protect 
downstream unit operations, such as ion exchange 
and/or membranes 

• Can accommodate influent fluctuation in the 
concentration of chlorine or organics 

• High cost of bed replacement 

• Can suffer attrition loss during backwashing 

Zeolite 

• Removal of hardness, iron and manganese 

• Not as commonly used as carbon and sand 

• Stringent operating conditions: 
o pH: 6.6-8.8 

o Maximum water temperature: 38°C (100°F) 
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also less susceptible to particle breakthrough and offers a more 
reliable barrier than media filtration. However, UF is more sen¬ 
sitive to algae blooms, high natural organic loading, reactive 
species such as manganese, certain types of colloidal contami¬ 
nants and water temperature variation. Increased biofouling 
has been observed on UF, compared to media filters for seawa¬ 
ter pretreatment, in some instances. 8 The selection and deploy¬ 
ment of the most effective filtration solution should be based 
on site-specific water quality parameters. Other factors, such as 
footprint, construction cost and lifecycle costs, should also be 
considered in the final selection. If the filtered water is used as 
cooling tower makeup, the value of performance benefits from 
better-quality water (e.g., increased cycling of cooling towers 
and reduction in fouling of heat exchanger surfaces) should 
also be considered in the selection of filtration technology. 
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FIG. 2 Boiler feedwater quality requirements at various pressures. 

The actual target silicon dioxide (Si0 2 ) values in the demineralized 
water are set based on the site-specific considerations, including 
boiler cycles and types of metallurgy involved. Usually, the 
concentration will be in the range of 10 pg/l-20 p.g/1 for greater than 
6,000 kPa (approximately 900-psi) steam. 



After pretreatment, the feedwater—free of suspended sol¬ 
ids—passes through the demineralized process to remove 
undesirable ions. These include heavy metals and, in most re¬ 
fineries, the entire dissolved solids content of the water. The 
target quality of demineralized water treatment depends on the 
pressure at which the boiler is operated. The general principle 
is that the higher the pressure, the higher the quality of water 
required. A low-pressure boiler can usually tolerate some feed- 
water hardness, while almost all impurities must be removed 
from water used for high-pressure boilers. Boiler feedwater 
quality requirements issued by the American Society of Me¬ 
chanical Engineers (ASME) are shown in FIG. 2. 

To ensure the purity of boiler feedwater, key parameters, 
such as TDS and silica, must be monitored. Conductivity is 
one of the most commonly used methods to obtain a rapid 
and reasonably accurate measurement of water/steam purity. 
However, some gases (especially carbon dioxide) can ionize 
in water solution and interfere with measurement of dissolved 
solids by increasing conductivity. The measurement of silica 
can use a colorimetric technique, while the reliability of this 
method is low under high temperature/pressure (form of silica 
can change from non-reactive colloidal form into reactive ionic 
form). Online measurement of sodium using specialized glass 
electrodes can provide a very sensitive indication of contami¬ 
nants in water and/or steam condensates. Sodium measure¬ 
ment can give reliable measurements down to a concentration 
of 0.1 pg/1, which is well below the purity at which electrical 
conductivity can be measured reliably. However, sodium elec¬ 
trodes can be prone to drift and must be regularly calibrated. 
Each of these three methods can provide an indication of boil¬ 
er feedwater purity, and the combination of any two generally 
provides reliable confirmation of boiler feedwater purity. 

The common demineralizing technologies include ion ex¬ 
change, reverse osmosis and electro-deionization. Frequently, a 


TABLE 3. Selection guidance for media vs. membrane filtration 

Criteria 

Media filtration 

Membrane filtration (UF) 

Notes 

Filtered water quality 


+ 

Membrane filtration has a wider spectrum of particle removal capability 
than media filtration, as it represents a direct barrier to entry of 
contaminants. It generates higher-quality water (non-detect TSS 
and turbidity) on a consistent basis. It can remove colloidal silica. 

Source water 
quality variation 

' 

+ 

Membrane filtration is better able to handle water quality variations, 
especially when combined with pre-clarification to keep gross solid 
loadings low. 

Source water temperature 

+ 

- 

Throughput of membrane filtration is reduced at low temperatures. 

Waste stream generation 

+ 

' 

Media filter backwash is 5%-7% of total feedwater, while membrane 
filtration backwash can be around 10%. Membranes may require 
additional cleanings and associated handling of cleaning waste. 

Energy cost 

+ 

- 

Media filtration energy requirement is less than 0.05 kWh/m 3 
and membrane filtration is 0.2 kWh/m 3 -0.4 kWh/m 3 . 

Media replacement cost 

+ 

+ 

Depending on how well either system is managed—can be comparable. 

Capital cost 

' 

+ 

For large flowrates, UF may have a lower capital expenditure than 
media filtration. UF also tends to have lower installation costs, as UF 
is skid-mounted equipment that can be installed at a site quickly. 

Footprint 

- 

+ 

UF has a lower footprint (typically 20%-30%) for the same flowrate. 

Expandability 

- 

+ 

Modular design can permit easier staged expansion. 


Note: (-) represents the less preferred option, while (+) stands for the preferred option 7 
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combination of these technologies is used to achieve the target 
water quality specification. Thermal methods to demineral¬ 
ize water, once quite common, especially in the Middle East, 
are now usually only considered in instances where a low-cost 
source of thermal energy is available. 


7 Abbasi-Garravand, E., et. al., “Using ultrafiltration and sand filters as two pretreat¬ 
ment methods for improvement of the osmotic power (salinity gradient energy) 
generation process” 4th Climate Change Technology Conference, Montreal, 
Canada, 2015. 

8 Badruzzaman, M., et. al., “Selection of pretreatment technologies for seawater 
reverse osmosis plants: A review,” Desalination, January 2019. 


Part 2 Part 2 of this article, to be published in the April is¬ 
sue, will discuss the common technologies and approaches 
considered for water demineralization and introduce the reader 
to demineralized water treatment design variables that must be 
considered for an effective design. 
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Demineralized water system design: Considerations 
for the petrochemical industry-Part 2 


Demineralized water treatment sys¬ 
tems play an important role in the petro¬ 
chemical industry. The ability to consis¬ 
tently supply demineralized water that is 
subsequently used for steam generation 
is essential for all types of steam cracking 
processes. During the conceptual design 
of demineralized water treatment plants, 
special attention must be paid to raw wa¬ 
ter source identification and the associated 
quality and reliability of the demineral¬ 
ized water desired. Other considerations 
include the nature of demineralized wa¬ 
ter demand, condensate return rates and 
amount of storage. As mentioned in Part 1 
of this article (published in the March is¬ 
sue of Hydrocarbon Processing), a typical 
design decision matrix should consider 
raw water source selection, the type of pre¬ 
treatment for suspended solids removal 
and the quality desired by other users (util¬ 
ity and cooling water makeup). Part 2 dis¬ 
cusses common technologies considered 
for water demineralization, along with 
some considerations for demineralized 
water treatment plant design optimization. 

Ion exchange (IX) process. In the IX 

process, ions of a given species are dis¬ 
placed from an insoluble exchange mate¬ 
rial—usually an organic resin. IX resins 
consist of an organic or network struc¬ 
ture with attached functional groups. The 
exchange capacity is determined by the 
number of functional groups per unit mass 
of resin. Once the exchange capacity of the 
resin is depleted, the resin will begin to 
cease exchanging dissolved ions and must 
be regenerated prior to reuse. 

Four major classes of resins in water 
treatment exist: strong acid cation (SAC), 


weak acid cation (WAC), strong base anion 
(SBA) and weak base anion (WBA). The 
type of resin selected is based on source 
water chemistry and constituents that 
must be removed. SAC resins are the most 
common resins used for softening and 
demineralization applications. SAC resin 
removes the non-carbonate hardness, and 
WAC resin removes hardness associated 
with alkalinity. Hence, weak acid resins are 
more suitable for high alkalinity water and 
for when the hardness-to-alkalinity ratio in 
the feedwater is greater than 1. SBA resins 
are used for dealkalization, de-silicization 
and organic trap applications, while WBA 
resin removes only the anions of the strong 
mineral acids such as sulfate, chloride and 
nitrate. Carbonate/bicarbonate and silica 
ions will pass through a WBA resin. 

Typically, the selectivity of SAC is best 
for calcium and magnesium, and SBA 
resin is ideal for sulfate and nitrate. On a 
cation resin, the most weakly held ion is 
sodium, and silica is often the most weak¬ 
ly held by anion resins. Therefore, sodium 
and silica are usually the first to break 
through on bed exhaustion, and monitor¬ 
ing these offers a good means of confirm¬ 
ing demineralized water purity. 

WBA has a higher working capacity 
than SBA and offers good resistance to 
organic fouling—such as from the poly¬ 
mer carryover downstream of a clarifier 
and from total organic carbon (TOC). 
However, these resins do not remove sili¬ 
ca and bicarbonate. SBA offers the lowest 
silica leakage, so WBA is typically paired 
with an SBA. 

Degasifiers are commonly used to re¬ 
duce alkalinity in decationized water by 
stripping C0 2 , using air. This removes 


the loading of carbonate to the anion 
resin and results in lowered operating cost 
by reducing the frequency and associated 
cost of regeneration. However, the addi¬ 
tional capital cost for a degasifier must be 
justified with a payback analysis and will 
depend on the raw water quality. 

Mixed-bed systems. With both cation 
and anion exchanges, due to the acid base 
equilibria driving the exchange processes, 
there is a limit to how perfectly the ions can 
be removed. Thus, to obtain very-high- 
purity water, a mixed-bed deionizer—in 
which SBA and SAC are intimately mixed 
and contained in a single pressure vessel— 
is used. The combination of SAC and SBA 
resins allows for very low silica and low 
sodium leakage. A gel resin combination is 
most commonly used to allow for physical 
separation during regeneration. The two 
resins are mixed by agitation with com¬ 
pressed air so the mixed bed can be consid¬ 
ered as an almost infinite number of anion 
and cation exchangers in series. In general, 
a mixed-bed IX step (FIG. 3) can lower the 
conductivity to result in demineralized wa¬ 
ter with less than 0.1 pS/cm and with an 
ionic silica content of less than 10 pg/1. 

Waste stream management. IX resins 
must be removed from service and regen¬ 
erated when the maximum allowable efflu¬ 
ent concentration is reached. Ideally, this 
removal from service will take place slightly 
before sodium or silica breakthrough. The 
higher the total dissolved solids (TDS) in 
the water, the more frequently the resins 
must be regenerated. During regeneration, 
regenerant agents contact active exchange 
sites on the cation and anion resins, and re¬ 
place the adsorbed ions by H + or hydroxide 
(OH - ), respectively. The common regen- 
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erant agents for cation and anion resins are 
mineral acid and caustic soda, respectively. 
The mineral acid used is often sulfuric acid 
due to lower cost, although hydrochloric 
acid is often preferred for superior regen¬ 
eration performance. 

The two main regeneration processes 
are: co-flow regeneration and counter-flow 
regeneration. For co-flow regeneration, re¬ 
generant flow is in the same direction as 
feed flow, while regenerant flow is in the 
opposite direction to feed flow for reverse 
flow regeneration. Hence, for reverse flow 
regeneration, the most highly regenerated 
resin is located at the point where, dur¬ 
ing normal operation, the deionized wa¬ 
ter leaves the resin vessel, which, in turn, 
leads to a better contaminant removal 

Feed water 


• Anion resin 

• Cation resin 


Demineralized 
water l 

FIG. 3. Illustration of mixed-bed IX. 




FIG. 4. Illustration of RO. 


performance. In addition, counter-flow 
regeneration is more efficient in the use 
of water as compared with co-flow regen¬ 
eration, since fast rinse and backwash are 
combined into one stage. Due to higher 
purity in the treated water, higher water ef¬ 
ficiency, low leakage and less required re¬ 
generant, a reverse flow arrangement with 
uniform-particle-size resin offers the best 
regeneration performance. Co-flow regen¬ 
eration systems are a little simpler in terms 
of valving and piping complexity. 

Regeneration can take place onsite or 
offsite. Onsite regeneration is typically 
utilized for large-volume users with more 
than 45 m 3 /hr (20 gpm). 9 After onsite re¬ 
generation, the resin will be rinsed with 
treated water—a consumption that must 
be allowed for in system design. The regen¬ 
erant waste must be treated before dispos¬ 
al. The common treatments for regenerant 
waste include pH neutralization and com¬ 
mingling with other waste streams for final 
disposal. For smaller systems [< 45 m 3 /hr 
(20 gpm)], regeneration can be conducted 
offsite by a service contractor. The contrac¬ 
tor will remove the exhausted IX exchange 
vessels and swap them out with pressure 
vessels containing regenerated resin. Off¬ 
site regeneration systems are much lower 
in capital cost than onsite regeneration due 
to the elimination of chemical handling 
equipment and storage facilities. However, 
offsite regeneration incurs higher operat¬ 
ing costs and associated logistical issues 
that may hinder operational stability. 

Advantages and limitations. Mixed- 
bed IX removes most impurities, except 
colloidal silica and nonionic organics. 
The system can be regenerated based on 
conductivity or silica concentration. How¬ 
ever, mixed-bed systems normally have a 
lower resin capacity and a more compli¬ 
cated operating procedure because of the 
separation and remixing steps during the 
regeneration process. In addition, a sepa¬ 
rate acid or caustic regeneration system 
requires regenerant waste neutralization. 


TABLE 4. Comparison of different RO membranes 10-12 : 


PA 

CA 

PS 

Sodium chloride 
(NaCI) rejection, % 

>98 

90 

95 

Permeate flux 

22 l/m 2 /hr (lmh)-34 Imh or 

13 gal/ft 2 /d (gfd)-20 gfd 

27 lmh-30 Imh or 

16 gfd-18 gfd 

75 lmh-94 Imh or 

44 gfd-55 gfd 

Chlorine tolerant 

No 

Yes 

Yes 

Cost 

Medium 

Low 

High 


Reverse osmosis (RO). RO is a mem¬ 
brane separation process capable of 
removing molecules with a molecular 
weight higher than approximately 200 
daltons (Da), such as most colloids, nat¬ 
urally occurring organics, bacteria and 
pathogens from water (FIG. 4). RO is also 
able to remove both cations and anions. In 
the RO process, water is forced through a 
semi-permeable membrane at a pressure 
greater than the osmotic pressure charac¬ 
teristic of that water to produce a low-sa¬ 
linity permeate. The dissolved salts are re¬ 
tained on the reject side of the membrane, 
while water with minimal dissolved salts 
passes to the permeate side of the mem¬ 
brane. A continuous waste bleed stream, 
or reject, is maintained that sweeps salts 
from the membrane surface. This pre¬ 
vents the salt concentration from accumu¬ 
lating so much that the osmotic pressure 
exceeds the applied hydrostatic pressure, 
and permeation ceases. 

Types of RO membranes include cel¬ 
lulose acetate (CA), polyamide (PA) and 
polysulfone (PS). TABLE 4 compares the 
performance of these types. The most 
common choice for demineralization is 
PA. Pretreatments for RO include sus¬ 
pended solids removal, softening, ultrafil¬ 
tration and disinfection to prevent scaling 
and biofouling. 

The common configurations for RO 
systems are a one-pass RO or a two-pass 
RO. In a one-pass RO, the permeate has 
passed through an RO membrane just 
once. In a two-pass RO, the permeate 
from the first pass is treated a second time 
to produce a higher-quality permeate. 
With a two-pass RO, more than 99% of 
salt removal is usually achieved. 

Waste stream management. RO re¬ 
covery and reject stream flowrates vary by 
water source, and are primarily dictated by 
the solubility limits of sparingly soluble 
salts like calcium, strontium and barium 
salts. For a surface water system, a typical 
design for RO will have recoveries between 
70% and 85%. Recovery from seawater will 
be lower at around 45%. Generally, reject 
quantities increase (i.e., recovery ratio 
decreases) with higher dissolved salt con¬ 
centration in the water because the higher 
TDS tends to include more sparingly solu¬ 
ble salts. Higher salinity is not necessarily 
a cause of low recovery, but it will require 
higher operating pressures. The RO reject 
stream is often blended with other waste- 
water at the site for final disposal. Unless 
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mandated by disposal requirements, it is 
uncommon to see the use of additional 
volume reduction processes, such as evap¬ 
oration and/or crystallization on the reject 
stream, as these processes are typically 
very expensive to install and operate. 

Advantages and limitations. A key 
advantage of RO systems, compared to IX 
processes, is that they have a relatively low 
chemical consumption and tend to have 
a more continuous operation—although 
they do require periodic shutdowns for 
cleaning. This is particularly advantageous 
when the influent TDS is higher than 
a few hundred mg/1. RO permeate can 
sometimes be suitable for boiler feedwater 
without further treatment, but it is often 
paired with a mixed-bed IX system for fi¬ 
nal permeate polishing. RO also removes 
colloids, including silica and a wide range 
of nonionic organics. 

Even though RO produces high-purity 
water, the overall purity is usually not 
comparable with IX treatment unless the 
feedwater is already of good quality or a 
two-pass system is used. RO systems do 
not achieve as much removal of reactive 


silica as IX systems, but are much better at 
removing colloidal silica. 

IX systems are a little more tolerant of 
poor pretreatment than RO, for which a 
robust pretreatment is essential to prevent 
membrane scaling and fouling. Several 
ions must be reduced before feedwater 
enters RO due to their scaling and fouling 
propensity. In general, the iron or manga¬ 
nese should be treated to less than 0.05 
mg/1, barium to less than 0.01 mg/1, stron¬ 
tium to less than 0.01 mg/1, aluminum to a 
minimum, and silica to less than 20 mg/1. 

In addition, RO operation is more sen¬ 
sitive to temperature. The rate of water 
permeation through the RO membrane 
increases as the feedwater temperature in¬ 
creases, since the viscosity of the solution 
is reduced and a higher diffusion rate of 
water through the membrane is obtained. 
Additionally, temperature more signifi¬ 
cantly impacts salt rejection performance 
in RO than in IX. Although the absolute 
operating range for RO is around 2°C- 
38°C, it has been reported that the opti¬ 
mum RO operation temperature is 25°C 
(77°F) and the upper temperature limit is 


l-P 


around 35°C (95°F) to avoid membrane 
damage. 13 Conversely, IX can operate over 
a wider temperature range, including, if 
necessary, down to 0°C (32°F). Hence, 
preheating of the water may be required to 
achieve consistent RO performance when 
low water temperature is experienced. 

Feedwater TDS concentration will also 
impact the RO performance, with higher 
feedwater TDS concentration decreasing 
permeate flow for the same feed pressure 
because the osmotic pressure increases, 
giving less net driving force to sustain per¬ 
meation. A comparison of permeate flow 
under different TDS concentrations is 
shown in FIG. 5. 

Another membrane-based technology 
called forward osmosis (FO) has attracted 
attention in both academic research and 
industrial development in the past 5 yr. 
Unlike RO, which uses pressure to drive 
flow through the membrane against the os¬ 
motic pressure gradient, FO utilizes a con¬ 
centrated solution with a higher osmotic 
pressure than the feedwater to draw water 
from the feedwater into a “draw solution.” 
The draw solution, diluted by the perme- 
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FIG. 5. Effect of temperature and TDS on permeate flowrate at constant pressure. 
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FIG. 6, Illustration of EDI. 


ate drawn through the membrane from the 
feed stream ; is reconcentrated to produce 
purified water and to recover the draw sol¬ 
utes. FO is reported to have several advan¬ 
tages over RO; however, the feasibility and 
reliability of FO systems on a large scale 
have not yet been widely demonstrated. 

Electrodeionization (EDI). EDI utilizes 
electricity, IX membranes and resins to 
deionize water and separate dissolved ions 
from water. Each EDI module consists of 
five primary components: IX resin, two IX 
membranes (cation and anion exchange) 
and two electrodes (cathode and anode). 
When flow enters the EDI module, strong 
ions are scavenged out of the feed stream 
by mixed-bed resins. Under influence of a 
strong direct current field applied across 
the stack of components, charged ions are 
pulled off the resin and drawn toward the 
respective, oppositely charged electrodes. 
In this way, these charged strong-ion spe¬ 
cies are continuously removed and trans¬ 
ferred into adjacent concentrating com¬ 
partments (FIG. 6). 

As strong ions are removed from the 
process stream, conductivity of the stream 
is reduced. The strong applied electri¬ 
cal potential splits water at the surface of 
the resin beads to produce hydrogen and 
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hydroxyl ions. These act as continuous 
regenerating agents of the IX resin. Like 
IX, EDI can remove more than 99% of 
dissolved solids, except for colloidal silica. 

Waste stream management. An EDI 
system typically converts 80%-95% of 
feedwater into product water, and the 
waste stream contains the same contami¬ 
nants as in the feed, with 5-20 times high¬ 
er concentration. 

Advantages and limitations. The 

design of EDI provides continuous regen¬ 
eration of IX resin without acid or caustic 
handling. EDI will also provide more con¬ 
sistent water quality in a compact space 
with low operating costs, provided power 
is available and its costs are acceptable. 

However, EDI can be used only for 
water with hardness less than 1.5 mg/1 
to prevent calcium carbonate precipita¬ 
tion. Other drawbacks for EDI include a 
relatively high capital cost, high EDI stack 
replacement costs (a typical EDI stack 
lifetime is 5 yr) and difficulty in remov¬ 
ing weakly ionized contaminants, such as 
silica, C0 2 and organics. Tanaka has com¬ 
pared the lifetime cost between EDI and 
IX and reported that, with an increase of 
TDS in the feedwater, EDI becomes in¬ 
creasingly cost-effective, 14 up to the previ¬ 
ously mentioned water quality constraints. 

However, detailed site-specific compar¬ 
isons must be conducted. In addition, EDI 
is susceptible to fouling by colloidal silica 
or organic material typically found in the 
surface water, such as humic, fulvic or tan¬ 
nic acids. 15 Any ionic species formed from 
C0 2 gas will lower outlet resistivity of wa¬ 
ter produced by EDI, leading to decreased 
treatment efficiency. Hence, C0 2 manage¬ 
ment is required for an EDI system. At 
present, EDI systems are available only 
with plastic piping due to the danger of ac¬ 
celerated corrosion from stray currents. 

For these reasons, EDI can be a good 


alternative to mixed-bed IX treatment, 
especially if paired with a two-pass RO, 
with which it can provide a demineral¬ 
ized water production system with low 
chemical consumption. 

Electro dialysis reversal is another vari¬ 
ation on EDI, where the polarity of the 
stack is reversed at a predetermined fre¬ 
quency. This technology is mostly suited 
for high-silica water (> 50 mg/1). It has 
lower capital cost, a larger footprint and 
higher operation and maintenance cost 
requirements when compared with RO, 
which is typically preferred when silica 
concentration is lower. 

Thermal distillation (evaporation/ 

condensation). The thermal distillation 
process requires thermal energy to form 
pure water vapor by heating the raw wa¬ 
ter source. This water vapor is then con¬ 
densed on a cooling surface to collect as 
freshwater. Three thermal distillation 
technologies have emerged and are used 
commercially: multiple-stage flash (MSF) 
distillation, multiple-effect distillation 
(MED) and vapor compression (VC). 

MED consists of several consecutive 
stages that are maintained at a decreas¬ 
ing level of pressure or temperature. In 
each stage, feedwater is heated by steam in 
tubes, causing evaporation of water. This 
newly generated steam flows into the tubes 
of the next stage (effect), heating and evap¬ 
orating more water. Each stage essentially 
reuses energy from the previous stage, 
with successively lower temperatures and 
pressures after each one. Each stage mainly 
contains a multiphase heat exchanger. 

In the MSF process, freshwater is pro¬ 
duced in an evaporator of each stage by 
flashing some hot feed saline water due to 
low pressure. The produced water vapor 
passes through a demister to remove the 
entrained brine droplets and condenses 
on the external surface of the heat ex¬ 
changer. The heat released from conden¬ 
sation is transferred to the flowing feed 
seawater through successive stages, result¬ 
ing in increasing its temperature. 

The VC distillation process is based 
on the principle of reducing boiling- 
point temperature by reducing the pres¬ 
sure over the liquid. Two methods are 
used to create the low pressure to evap¬ 
orate incoming seawater: a mechani¬ 
cal vapor compressor (MVC), which is 
electrically driven; and a steam jet [ther¬ 
mal vapor compression (TVC)], which 
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TABLE 5. Demineralized water technology summary 


IX 

RO 

EDI 

MED-TVC 

Typical recovery, 1 % 

95 

70-80 

80-95 

30-40 

TDS removal efficiency, % 

>99 

90-99 

>99 

>99 

Colloidal Si0 2 removal 

No 

Yes 

No 

Yes 

Pretreatment complexity 

High 

High 

High 

Low 

Operation temperature 

< 85°C (< 185°F) 

18°C-35°C (65°F-95°F) 

10°C-38°C (50°F-100°F) 

49°C-71°C (120°F-160°F) 

Waste stream treatment 

Yes 

Yes 

No 

No (but might be subject to 
temperature restrictions) 

Energy consumption, kWh/m 3 

1-1.5 

3.3-5 2 

07-3.7 

1-1.4 23 

Total electrical energy 
equivalent, 19 kWh/m 3 

1-1.5 

3.3-5 

0.7-37 

11-28 

C0 2 generation, 4 kg C0 2 /m 3 

1-2 

2-6 

0.7-4 

25-30 


1 Fraction of feed converted to demineralized water 

2 Range shown for seawater; brackish water is approximately 0.5 kWh/m 3 -1.5 kWh/m 3 for an RO system 

3 GOR of greater than 12 

4 C0 2 intensity of each process depends greatly on the C0 2 intensity of the inputs 


is driven by low-temperature heat. The 
VC could be combined with MED de¬ 
signs to improve the energy efficiency of 
MED plants by taking advantage of ex¬ 
haust steam from a steam turbine [usu¬ 
ally 250 kPa-300 kPa (36 psi-43 psi)]. 16 
However, the higher the steam extrac¬ 
tion pressure, the higher the electrical 
equivalent that is sacrificed to drive the 
desalination process. 

The performance of distillation pro¬ 
cesses is measured by a dimensionless 
parameter known as gain output ratio 
(GOR), which is defined as the mass of 
distilled water per mass of input steam. 
Typically, higher GOR systems cost more, 
but consume less energy; therefore, they 
have lower operating costs. The GOR of 
MSF plants range from 8-12, 10-14 for 
MED, and 14-17 for TVC-MED. 17 Ther¬ 
mal distillation technologies are mostly 
used in regions where cheap energy is 
available, and they are often coupled with 
electricity production. The TDS in ther¬ 
mal distillation effluent is less than 5 mg/1. 

Waste stream management. Like 
EDI, no additional chemicals are added 
into the thermal distillation process. 
Hence, the waste stream can often be dis¬ 
charged directly to an ocean outfall via a 
high-dilution diffuser. 

Advantages and limitations. Due to 
high energy consumption and high capi¬ 
tal cost, MSF is generally the process of 
choice for dual-purpose facilities (i.e., 
electric power and water production) and 
for applications that cannot be performed 
by other means, such as hypersaline 
groundwater. MSF has proved to be more 


economically favored than RO when en¬ 
ergy costs are low, or when a waste heat 
source is available. MED combined with 
TVC has lowered capital cost and re¬ 
duced power consumption. It has been re¬ 
ported that MED and MED-TVC require 
less electricity (l kWh/m 3 -1.4 kWh/m 3 ) 
as compared with RO (3.3 kWh/m 3 -5 
kWh/m 3 ), while MSF energy consump¬ 
tion is estimated around 4 kWh/m 3 -6 
kWh/m 3 . 17 The lower energy consump¬ 
tion rate can make MED-TVC more eco¬ 
nomically comparable with RO, if there is 
no lost electrical generation. 

In terms of pretreatment, the distil¬ 
lation process only requires simple pre¬ 
treatment to avoid scaling and foaming by 
adding acid or advanced scale-inhibiting 
chemicals and anti-foaming reagents. In 
addition, the thermal distillation process 
is more tolerant to operational upsets and 
water quality variations. 

However, the intensive combustion 
process for thermal distillation might pose 
environmental concerns associated with 
greenhouse gases. The C0 2 emissions for 
MED, MSF and RO are calculated to be 
26.9 kg C0 2 / m 3 ,34.7 kg C0 2 / m 3 and 4.3 
kg C0 2 /m 3 , respectively. 18 Hence, for ar¬ 
eas subject to a carbon tax or where C0 2 
emissions are constrained, RO likely re¬ 
mains the more favorable process. 

TABLE 5 summarizes the different de¬ 
mineralized water technologies. 

Optimized design for demineral¬ 
ization. In general, relability and cost 
considerations must be evaluated during 
a demineralized water treatment plant 


design optimization. In this article, we 
have focused on design reliability, since 
it is an important consideration for the 
petrochemical industry, where deminer¬ 
alized water is a critical input to maintain 
operations. For demineralized water sys¬ 
tem design, both inherent reliability and 
mechanical reliability must be taken into 
consideration. Inherent reliability is the 
probability that the treatment plant can 
supply the demineralized water specifica¬ 
tion under all likely feed and demand con¬ 
ditions, while the mechanical reliabilty is 
related to the key pieces of equipment in 
the plant where failure may impact the de¬ 
mineralized water production rate. 

Good data collection and a design ap¬ 
propriate to incorporate variabilities in 
demineralized water demand will improve 
the inherent reliability. For example, it is 
prudent to have a demand characteriza¬ 
tion workshop with all the demineralized 
water users. This allows for demand devel¬ 
opment to consider abnormal conditions 
such as plant outages; condensate dump 
(due to contamination); rate of condensate 
return during freezes; startups; and plans 
for more frequent occurrences, such as fur¬ 
nace decoking. Based on the workshop for 
demineralized water, demand rate curves 
can be developed. The demand curve 
can then be utilized to develop the design 
flowrate for the demineralized plant. 

To achieve better mechanical reliability, 
a flexible equipment arrangement might 
be considered. Common configurations 
for demineralized water treatment include 
2 x 100%, 2 x 75% and 3 x 50%; other 
configurations, such as 7 x 20%, have also 
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been used. In general, a demineralized 
system should be adequate to accommo¬ 
date sudden variations in water demand 
and allow isolation of an entire treatment 
train without impacting production, for 
maintenance flexibility. For example, in a 
3 x 50% configuration, all major unit pro¬ 
cesses have three identical units, such that 
any two units operating at 100% capacity 
can meet the overall water demand. 

Temporary and mobile water treat¬ 
ment systems also might be considered 
to handle short-term demineralized water 
demand. For example, using a third-party 
provider that supplies demineralized wa¬ 
ter treatment equipment in a mobile or 
a semi-permanent trailer format is an ap¬ 
proach that many sites are considering 
for managing demand shortfalls during 
sustained peak events. It may make sense 
during the project planning stages to in¬ 
clude a site footprint for trailers and tie-ins 
as part of a larger strategy to optimize the 
demineralized plant capacity. Some buffer 
treatment capacity can be built into the 
pretreatment processes (clarification and 
filtration) to allow for feeding of the third- 
party trailers during campaign events. 

Providing adequate storage of demin¬ 
eralized water is another item that should 
be considered as part of the plant design 
discussion. Storing 12 hr-24 hr (or more, 
depending on site-specific needs) of de¬ 
mineralized supply, along with sufficient 
redundancy in the design, can allow for a 
guaranteed shutdown period, over which 
maintenance or retrofits can be made. This 
storage can also be used as a buffer capacity 
to fulfill instantaneous peak demand with¬ 
out incurring significant operating costs. 
The right amount of storage usually boils 
down to economics, available footprint 
and criticality of operations supported by 
the demineralized plant, and this is usually 
derived by reliability modeling. 

Demineralized water system reliability 
analysis must consider critical factors such 
as the impact of water quality variations 
(both temperature and chemistry) on the 
type of demineralized technology select¬ 
ed, along with fluctuations in demineral¬ 
ized water demand and plant redundancy. 
In addition, if a demineralized treatment 
system is coupled with other facilities 
within the chemical complex—such as 
waste heat generated from cogeneration 
or a power plant—by using exhaust steam 
to preheat feedwater or to drive thermal 
desalination, then additional reliability 
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analysis must be conducted to eliminate 
potential single points of failure. 

In the authors' experience, an opti¬ 
mum configuration for demineralized 
water treatment employs both RO and 
IX processes. IX is typically preferred 
where there is a constraint on the volume 
of wastewater generated, where feedwa¬ 
ter temperature is less than 18°C (65°F) 
year-round, where power costs are high 
(> $0.10/kWh), or where feedwater TDS 
is substantially less than 500 mg/1. At 
temperatures below 18°C (65°F), it is un¬ 
likely that RO without feedwater preheat¬ 
ing (which typically is cost-prohibitive if 
there is no waste heat available) will be 
economical. RO tends to be more eco¬ 
nomical as feed salinity increases. Varia¬ 
tions in water quality resulting from pro¬ 
longed drought might result in an increase 
of TDS by 20%-30% in some watersheds. 
RO tends to be more suitable for handling 
these swings in TDS, provided there is 
adequate reserve capacity. Other site-spe¬ 
cific factors—such as available footprint, 
expandability of the plant, operability, and 
availability of skilled water treatment op¬ 
erators—must be considered in the selec¬ 
tion of a demineralized technology. 

In many cases, a combination of RO 
with IX resins (in mixed-bed configura¬ 
tion) provides a robust water quality and 
offers the potential for lower lifecycle 
costs than either IX or RO alone. This is 
primarily driven by decreased TDS load¬ 
ing on IX resins and reduced chemical de¬ 
mand due to performing the main work of 
TDS removal using RO. RO typically re¬ 
duces TDS to less than a few tens of mg/1, 
resulting in a higher IX resin efficiency. 
Decreased TDS loading on an IX system 
decreases the frequency of regeneration 
and reduces waste, leading to lower overall 
operational cost of demineralized water. 

Takeaways. Demineralized water treat¬ 
ment design is critical to ensure high-purity 
steam generation. Proper pretreatment for 
suspended solids removal must be evaluat¬ 
ed based on various raw water sources. No 
one formula exists for choosing a demin¬ 
eralization technology. As demonstrated 
throughout this article, a wide range of fac¬ 
tors should be considered, and data should 
be gathered and assessed on a case-by-case 
basis. A methodical consideration of the 
issues outlined in this article will lead to 
a demineralized plant design that reliably 
supports refinery operation. I-P 
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